ABSTRACT: This article presents ANSYS WB-based mathematical modelling of the thermofrictional milling process, which allowed studying the dynamics of thermal and physical processes occurring during the processing. The technique used also allows determination of the optimal cutting conditions of thermofrictional milling for processing various materials, in particular steel 40CN2MA, 30CGSA, 45, 3sp. In our study, from among a number of existing models of cutting fracture, we chose the criterion first proposed by prof. V. L. Kolmogorov. In order to increase the calculations performance, a mathematical model was proposed, that used only two objects: a parallelepiped-shaped workpiece and a cutting insert in the form of a pentagonal prism. In addition, the work takes into account the friction coefficient between a cutting insert and a workpiece taken equal to 0.4 mm. To determine the temperature in the subcontact layer of the workpiece, we introduced the coordinates of nine characteristic points with the same interval in the local coordinate system. As a result, the temperature values were obtained for different materials at the studied points during the cutter speed change. The research results showed the possibility of controlling thermal processes during processing by choosing the optimum cutting modes.
RELEVANCE OF THE RESEARCH
Thermofrictional processing is a type of thermomechanical technology for metal processing with the resulting heating in the cutting zone, due to friction at the point of contact of a workpiece and a tool moving at high speed [1] . Traditional thermofrictional technology is based on softening the processed material in the cutting zone due to high sliding friction rate.
The higher the speed, the more heat accumulates at the contact. The material to be processed, hence, is subjected to more softening and cutting disc retains its strength properties due to minimized stay of a particular part of the disc side in the contact. However, an excessive increase in the speed leads to stricter requirements for the tooling. Thus, the average cost of a machine at an increase in speed from V = 30 m/s to V > 70 m/s rises 5-7 times, and the electric power consumption increases likewise (machines for thermofrictional treatment have 22-40 kW engines). Consequently, designing a resource-saving technology of low-speed thermofrictional processing is a highly relevant task.
The authors are currently conducting a government-funded research "Designing a special machine, allowing the pulsed cooling supply and replacement of a hard-alloy cutting tool with a tool made of structural steel, during thermofrictional cutting of metal workpieces" (Contract No. 723 of 12.02.2015 and No. 336-13 of 13.05.2016). This machine has functions of resource-saving thermofrictional processing at low cutting speeds [2] [3] [4] . One of these modes is thermofrictional milling of flat surfaces with pulsed cooling. The research results showed positive results in terms of qualitative parameters of processing various materials [5, 6] . Figure 1 shows the process of thermofrictional milling of 30CGSA steel. Cutting tool is an end mill equipped with plates of HARDOX 450 steel.
The higher the speed, the more heat accumulates at the contact. The material to be processed, hence, is subjected to more softening and cutting disc retains its strength properties due to minimized stay of a particular part of the disc side in the contact. However, an excessive increase in the speed leads to stricter requirements for the tooling. Thus, the average cost of a machine at an increase in speed from V = 30 m/s to V> 70 m/s rises 5-7 times, and the electric power consumption increases likewise (machines for thermofrictional treatment have 22-40 kW engines). Consequently, designing a resource-saving technology of low-speed thermofrictional processing is a highly relevant task.
The authors are currently conducting a government-funded research "Designing a special machine, allowing the pulsed cooling supply and replacement of a hard-alloy cutting tool with a tool made of structural steel, during thermofrictional cutting of metal workpieces" (Contract No. 723 of 12.02.2015 and No. 336-13 of 13.05.2016). This machine has functions of resource-saving thermofrictional processing at low cutting speeds [2, 3, 4] . One of these modes is thermofrictional milling of flat surfaces with pulsed cooling. The research results showed positive results in terms of qualitative parameters of processing various materials [5, 6] . Figure 1 shows the process of thermofrictional milling of 30CGSA steel. Cutting tool is an end mill equipped with plates of HARDOX 450 steel. For further research, thermal processes occurring in the "cutting toolworkpiece" contact zone are of scientific and applied importance. Getting information about physical processes in various points of the cutting zone by experiments proves difficult due to the small size of the contact area of the cutting tool For further research, thermal processes occurring in the "cutting tool-workpiece" contact zone are of scientific and applied importance. Getting information about physical processes in various points of the cutting zone by experiments proves difficult due to the small size of the contact area of the cutting tool surface and the material being processed, the high speed of the process, and the constant relative motion between the cutting tool, the processed material and the chip formation process. In this regard, mathematical modelling of the thermofrictional milling can solve this problem through computer simulation. A similar problem was partially addressed in a number of papers [7, 8] . However, they made only a general analysis of physical processes for the entire cutting insert. Using special programs, for example AnsysWB, enables to study the dynamics of processes occurring during cutting as well as take into account multiple-option technological solutions that may foster the process efficiency. The purpose of this study is to develop a methodology for determining the optimum technological parameters of cutting by thermofrictional milling with AnsysWB, when processing materials 40CN2MA, 30CGSA, Steel 45 and Steel 3sp.
EXPERIMENT
To build up the model, the following steps were performed: developing the CAD model of the cutting tool and the workpiece; introducing the physical characteristics of the cutting tool/workpiece materials; setting a type of contact between the surface of the cutting insert and the workpiece; specifying conditions for applying a finite element mesh. Physical properties of the processed materials and the cutting insert of the end mill (Hardox 450), used in the models, are presented in Table 1 . Johnson-Cook law is the most prevalent one, among various laws of material behaviour under large deformations. It takes into account adiabatic shear phenomena, caused by large plastic deformations and significant temperature gradients. This law specifies the dependence of stress σ on the degree ε (%) and the strain rate as well as on the temperature T , and can be decomposed in a multiplicative form into three
The first factor describes the hardening phenomenon, the second one describes dynamic processes, the third one deals with the tempering phenomenon. The factor associated with hardening corresponds to the flow stress of a constant strain rate. A is a limit of elasticity of the material in question, B and n are linear and non-linear parameters of hardening, respectively.
The second factor is a multiplicative factor, characterizing the dynamic hardening of the material. It depends on the equivalent rate of plastic deformation. C is a strain rate sensitivity coefficient. Let us assume the initial strain rate equal to 1 s −1 .
The third factor is a factor corresponding to the heat release phenomenon. T 0 is the initial temperature. The motion stress reduces along with the temperature and tends to zero at T = T f , for temperatures in the interval between T 0 and the melting temperature T f . At temperatures tending to the melting point, the motion stress is practically zero. Thus, T 0 is the temperature with respect to which the heat release mechanism is considered, and m is the exponent of the given heat release. The parameters of the Johnson-Cook model for the workpiece materials are presented in Table 2 . The formation and separation of chips in the model is based on the law of material fracture. It follows on from the method of "element erosion", which consists in the evolution of a crack, depending on the deformation stress conditions in the body of a workpiece. Application of this law includes two criteria. The first criterion characterizes the required degree of material fracture, and the second one is responsible for the evolution of a crack, its spread and elements separation from each other.
The adapted fracture criterion is interconnected with the Johnson-Cook motion law. The fracture is calculated for each element starting from the moment when
where ∆ε is an increment of resulting plastic deformation, ∆ε f is the resulting deformation of material fracture [10] . Fracture in a material starts at ω = 1. The Johnson-Cook fracture model takes into account thermomechanical processes at large deformations. The equation of the resulting failure plastic strain is presented as follows:
where σ * is a ratio of average stress (σ m ) and resulting von Mises stress (σ);ε * is dimensionless degree of plastic deformation at an estimated strain rate and the limit characterizing the moment of sensitivity toε 0 strain rate. The dimensionless temperature coefficient T * can be written in the form
where T f is a material melting point; T 0 is the initial temperature; D 1 is the initial fracture deformation; D 2 is the exponential factor; D 3 is a factor of three-axis; D 4 is the strain rate factor; D 5 is the thermal factor [11] . The parameters of equation (3) of the workpiece fracture plastic strain are presented in Table 3 . In case, when the fracture criterion is met, the fracture development criterion comes into effect. This criterion presents the level of energy G f , necessary for the development of a crack. After a crack occurs, the material behaviour is calculated by the relation of stress and displacement, but not those of stress and deformation. For the scientific study of the cutting process, it is necessary to obtain the following information: contact force in the contact zone and temperature distribution in the workpieces. A denser superposition of the finite element mesh allows to obtain more accurate results in modelling the physical processes, but it takes much time. Therefore, the relation between required accuracy and time constraints always prevails. In order to analyse physical processes in the cutting zone, we will show the workpiece surface in the cutting zone and the number them, as well. Figure 2 shows the conditions of supporting of the tool insert and the workpiece. The process of plane milling in Ansys WB is simulated, using the Explicit Dynamics module. This type of analysis is used for finite element simulation of mechanical processing, which is highly nonlinear. In the project tree in Connections, Contact Figure 4 shows the numbering of characteristic points on the workpiece surface in the thermofrictional milling zone. Fig. 4 . Numbering of characteristic points on the workpiece surface in the thermofrictional milling zone
The treated workpiece surface is divided into uniformly located points for more detailed information about the processes taking place in the "tool-workpiece" contact zone during thermofrictional milling, These characteristic points can be considered as a trace of cutting inserts making an arc-wise working stroke. We build the diagram of changes in the contact temperature from the tool rotation frequency in order to analyse physical processes in the cutting zones. Figure 5 shows the dependence of the contact temperature on the rotation speed, when processing workpieces of various materials. a) Fig. 4 . Numbering of characteristic points on the workpiece surface in the thermofrictional milling zone.
frictional is used with a friction coefficient of 0.4. Boundary conditions are also imposed. Rotation of the milling cutter is simulated by the angle of rotation of one tool insert. One (1) object is a tool insert and it performs translational motion along the arc towards the workpiece 2, while the workpiece 2 possesses a fixed support. Figure 3 shows the finite element mesh of the tool insert and a workpiece. Figure 4 shows the numbering of characteristic points on the workpiece surface in the thermofrictional milling zone.
The treated workpiece surface is divided into uniformly located points for more As seen from the graphs, with an increase in the tool rotation frequency there is a temperature increase in the tool-worpiece contact. For the proposed method of milling, it is necessary to provide the temperature in the tool-workpiece contact close to the processed material's recrystallization temperature [5] . Let us consider the graph (Fig. 5, c) of the dependence of the contact temperature on the rotation frequency during the processing of St. 45. For St.45 T m = 1400ºС, and the recrystallization temperature is T rec ≈600 ºС. It can be seen from the graph, that at the given processing modes, the temperature in the "tool-workpiece" contact does not exceed the recrystallization temperature. This confirms the optimality of the given pro-detailed information about the processes taking place in the "tool-workpiece" contact zone during thermofrictional milling, These characteristic points can be considered as a trace of cutting inserts making an arc-wise working stroke. We build the diagram of changes in the contact temperature from the tool rotation frequency in order to analyse physical processes in the cutting zones. Figure 5 shows the dependence of the contact temperature on the rotation speed, when processing workpieces of various materials.
As seen from the graphs, with an increase in the tool rotation frequency there is a temperature increase in the tool-worpiece contact. For the proposed method of milling, it is necessary to provide the temperature in the tool-workpiece contact close to the processed material's recrystallization temperature [5] . Let us consider the graph (Fig. 5, c) of the dependence of the contact temperature on the rotation frequency during the processing of St. 45. For St. 45 T m = 1400 • C, and the recrystallization temperature is T rec ≈ 600 • C. It can be seen from the graph, that at the given processing modes, the temperature in the "tool-workpiece" contact does not exceed the recrystallization temperature. This confirms the optimality of the given processing modes.
This technique allows to determine the optimal cutting modes for thermofrictional milling for processing various materials, in particular steel 40CN2MA, 30CGSA, 45, 3sp. In our research, we chose the criterion first proposed by prof. V. L. Kolmogorov from among a number of existing models of cutting fracture. In order to increase the calculations performance, a mathematical model was proposed, that used only two objects: a parallelepiped-shaped workpiece and a cutting insert in the form of a pentagonal prism. In addition, the work takes into account the friction coefficient between a cutting insert and a workpiece taken, equal to 0.4 mm. We introduced the coordinates of nine characteristic points with the same interval in the local coordinate system in order to determine the temperature in the subcontact layer of the workpiece. As a result, the temperature values were obtained for different materials at the studied points, during the cutter speed variation. The research results showed the possibility of controlling thermal processes, during processing by choosing the optimum cutting modes 3. CONCLUSIONS 1. The developed AnsysWB-based computer model of the cutting process allowed studying the dynamics of thermal and physical processes, occurring during the processing. This technique also allows to determine the optimum cutting modes for thermofrictional milling for processing various materials.
2. The results of studying thermal processes in the "tool-workpiece" contact zone,
